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1+ BSTRACT

ciresich teats are aescribed in which mano-metallic couples ace
CXrad 'd As concat cratlon ceils in psevdo-mariae esvironments. Datu on
S5.5.E. 1020 steel 2.2 wiardnun tlicy /A1 €1 G - TO arc presented. The
rasvral gootou vl the celis sinmulate, i1s one in wiuich a single piece
of nctel -8 exnosnd burough the fatesface Detween narine sediments and
tie oveviviang owe water. Effecis of nerine sulfate-.educing vacieria are
suncrirposed over the phrsico-chiemical system. The polarities of tue
cells stuuied, s wels as data resntinrg cell resistance to galvenic cur-
reat, ere rresanted. Fossibie effects of redox potential (Eh) and pH
ere dicecussald. Tht date presented show that the strein of rarine sulfate-
redueous woio L tuese expeviments cavses a cnenge in the cetlicde compart-
peuts, -2 cclls rontalning mild steel electiodes in autrieut medium, waicl:
results in as mea 88 a 200 fold increase In galvanic currernt. . The study of
potertiel-ilme Gete and peolarizotion rheromena inlicate that cathodic de-

roaerizaiion 1s iavoived.
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INTRODUCTION

Lhe sulfate-reducing bacterium, Desulfovibrio desulfuricans,l has long
been l.own to accelerate the corrosion or iron under aua.robic conditions
but the .iechanism of this reaction has been subject to controversy. Both
cathodic and anodic polarization effecis, as well as the medium supporting
the culture, have been considered responsible for the reaction of .he
metallic surfaces involved. In general, two methcds of study have been used.
One was based on the stoichiometric relationship bLetween the weight loss of
iron electrodes and the quantity of sulfete ion reduced and the other on the
study of potential-time curves. In the work described in this paper, galvanic
cells were constructed in which the electrodes were as nearly identical as
possible while anolyte and catholyte differed. In this manner the direction
of current flow was determined by the reactions of the half-cell electrodzs
to their electrolytes and the :.lects of sulfate-reducing bacteria were studigd
as they were superimposed over a pre-existing polarity. Alwainum alloy 61-8
and S. A. E. 1020 gtggl,5 because of their different polarization character-
istics, were used in thes experiments described.

LITERATURE SURVEY

A. The Environment of Anaercbic Corrosion

The l¢t=reture contains many references to the influence of sulfate-
reducing h.ctexri. on the corrosion of steel. Papers on coriosion by marine
sulfate-r:ducers typically dealt with local cell action or with the anmerolic
corrosicy associrted with fouling. Some attention has also been given to
corrosion rates of steel exposed through the interface between sulfide-rich
marinec sediments ead the overlying water. In the literature examined, the
most exhaustive studies were carricd out by Starkey and Schenone{26) who stated
that the highest corrosion rates of steel occurred at the mud line. It was
also stated that steel specimens buried completely in low redox potential
sediments often showed lower weight losses than similar specimens exposed
through the sediment-water interface. Considerable emphasis was placed upon
sulfate-reducing bacteria as agents promoti..> corrosion but the electro-
chemical approach to the problem was not used. The paper was quantitative
only inasmuch as weight loss data and micrometric measurements were presented.

Little quantitative work has been done on anaeroblc corrosion by marine
sulfate-reducers and the author has depended much upon analogies drawn from
work on,fresh walcr and soil corrosion of this type. In his seview articue,
Deuber (& has outlined the important aspects of the microbiologicel corrosion
problem and presented & bibliography of considerabl. scope. An excellent

1 Also 1isted under the genera Vibrio, Sporovibrio, Microspira and Spirillum.
The accepted generic name for sulfate-reducers i8 now Desulfovibrio. Some
literature refers to the halophilic strain as D. estuarii but the dis-
tinction is no longer made in this country.

Supniied by The Aluminum Company of Americae
3 Supplied by The United States Steel Company
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review of the literature and a summary of the cathod.c depolurization theo
of aneerobic corrosion was givi. by von Wclzogen Kuhr and van der Viugt (31).
These authors stated that residual stresses left in iron water pipes after
fabri:ation resulted in galvenic micro-cells, the cathodic members of waich
wery subject to depolarization by hydrogen-utilizing bacteria, aerobic or
anaerobic. They pointed out ihat the anaerobic environment required by sul-
fote-reducers was established through the utilization of oxygen by aerobic
species of oxyhydrogen and iron bacteria. The ultimate result of this mechan-
lsm was tubercle formation and localized corrosion on the internal walls of
vnter mains. Starkey and Wight (25), Pont (16), and Bunker (2,3) have re-
ported on corrosion in anaerobic soils. Reducing conditione and the presence
of sulfate-reducing bacteria were found to correlate well with the occurrence

of nighly corrosive soils.

It has been reported that the redox potential and oxygen concentration
in warine sediments are associated with the distribution of bacterin (39).
Scdiments, duc to oxygen utilizatiion by aerobic orgenisms, are known to
have lower redox potentials and oxygen concentrations than the overlying tca
water. However, the oxygzn concentration just above the mud line 13 known
to be quite low. This could result in inefficient depolarization of cathodic
areas on metallic objects exposed through the sediment-water interface. The
metabolic activity of sulfate-reducing bacteria in the anaerobvic sediments
could depolarize cathodic areas on the portion of the metaliic structure ex-
tending below thc mud line, and the reducing capacity of the szedimentc should
tend to stifle oxidation reuctions. In Evans description of the classical
differential seration cell (6), the aerated electrode was cathodic to the
air-free ¢i..urs ¢ but only because oxygen is a cathodic depolarizer. Thu:,
with a poourly sevated stratum of sea water and a more efficient cathodic de -
polarizc in the anaercbic sediments, there would be no reason to insist tact
thie cat.ode in such a cell must be the aerated electrode. La Cue (13) has
stated that tlie ccrrosion rate of steel in sea water is controlled by cathodic
depolarization. This author has also suggested that the high weight losses
cncountered at the mud line may be due to abrasion by particles carried in
tottom drift or a "peculiar effect of sulfate-reducing bacteria“(12). The
nechanism of cathodic depolarization by sulfate-reducers, acting through tae
sediment-water interface,couid be respoansible for the weipght losses ouserved.

In the work of ZoBell and Rittenberg (4L), it was shown that sulfate-
reducing bacteria prefer loosely compacted sedinents containing large amourts
of sand to tightly compacted clay sediments. Deuber (4) and Bunker (2,3)
apparently with reference to non-marine environments, stated that poorly
drained clay soils containing orgenic residues are most likely to support tha
anaerobic corrosion mechanism. The terminology here is only relative eni it
is felt that a terrestrial soil considered to be of high clay .cutent might
be considered coarse in many marine environments. Whitehouse (37) reported
that the most predominant clay type of inland bays wnd inmediately off-shore
regions of the Texas Gulf Coast is montmorillonite and that in certain arees
this clay comprises the major component of the sediments. For this reason,
bentonite, largely mon*nrillonitic in comgposition, was used in some of the
experimental exposures describved. The reader is referred to the discussion:
of Grim (8), Mason (15) and \hitehouse for the structure and chemistry of
this clasy. It should be noted here that bentonite i{s probably a sub-optimx:
cultur: environment for sulfate-reducing bacteria.
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In discussing this werk with Dr. C. E. ZoBell of Scripps Institute of
Oceanography, the author learncd that the term "sulfate-reducer” is extremely
ambiguou. and that in many cases the greatest similarity between species or
strains of bacteria, now lumpcd under the genus Dr:egulfovibrio, is the ability
*o reduce vne or more states of oxidized sulfur in artificial media. In
ZoBell's work, the only cultures considered pure are those grown f{rom single
c¢2ll isolations. It is quite possible to isolate fram a single mud grab
v2veral strains uith the ability to reduce sulfates but with a limited number
¢? other physiological capabilities in common. Thus, it would seem imperative
vaat the same strain of sulfate-refucer be employed bvefore results of differ~n:
voskers cal be compared. In field testing it is impossible to meet this demxil’
and it it probably unnecessary assuming that mixtures of strains result in an
average physiological response from one location to another. The sulfate-
reducer used in this research was nmrovided by the Division of Microbiology
cf the Scripps Institute of Oceanography. It is a hydrogen-utilizing hetero-
troph isolated from the estuarine sediments of Mission Bay, California. In
ZoBell's laboratory it is stock culture No. 354.

B. Biochemistry of Sulfu.e Reduction

Sisler and ZoBell (22) have quantitative’.y studied the utilization of
hydrogen by marine sulfatc-reducing bacteria. Both autotrophic and hetero-
trophic forms have bteen isolated from marine sediments and studied (21,22,40).
Thirty-thre2 of thirty-ni.e pure cultures isolated were capable of utilizing
k7arogen gas. {u! . threc cultures were incapable of utilizing hydrogen
catotrophi .ally. The enzyme cunsidered responsiblc for this biochemical
riechanism is terwe. hydregamese and is capable of activating molecular hy-
6->gen. von Welzosea Kuhr and van der Viugt (51) stated that molecular hy-
Gr.ren must be changed to atomic hydrogen before it can enter into bio-
chemical mechanisms involving sulfate reduction. Kluyver and Manten (11)
further stated that an enzyme other than the usual substrate hydrogenase
r.v:t be responsible for this activation. von Wolzogen Kuhr and van der Viigt
considcred this enzymatic selectlvity responsible for the different grovth
12%es of aerotic nyérogen utilizexs when grown in natural wvater overlayere..
viun oxyhydrogen ges and the same system containing metel specimens. It weeo
reasoned that atomic hydrogen adsorbed on cathodic areas of the metal speci-
mens made possible the omission of one biochemical mechanism, resulting in
the growth response observed. A growth lag period was observed in systems
from which metallic specimens had been excluded.

Stephenson an? Sticklund (27,28) demonstrated hydrogenase activity iz
culfate-~-reducing bacterie as well as other organisms. Aerobic uvicteria with
this physiological capability wvere found able to reduce oxygen, nitrate,
fumarate and methylene blue. Evidence was stated foi the probable involve-
ment of the same enzyme in sulfate-reduction by Desulfovibrio desulfuricans.
In later research (29), these workers demonstrated the production of methane
by singlc cell isolatio.. of sulfate-reducers. In these studies, Stephenson
and Stickland noted that only single carbon compounds were reduced. These
vere carbon dioxide, formate (as the calcium salt), carbon monoxide, methyl
alcohol . and formaldehyde, the latter being added &3 the weakly dissociated
compound hexsmethylenetetramine. In the formate studies, it was shown that
formic acid was first broken down to Hp and COp by the enzyme formic hydro-
genlyase and these products were recombined as methans through the bdbiocata-
lytic influences of hydrogenase. Sisler and ZoBell (23) .ave shown that

o
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geveral sirains of marine sulfate-reducers are capable of reducing nitrogen.
Nitrogen fixation may be associated with hydrogenase activity. Hoberman and
Ritterberg (10), and Lascelles and Still (1L4) suggested that hydrogenase may
be ~u enzyme of the iron porphyrin type.

Poatage (19) has shown that the sulfate-reducing bacteria are capable of
reducing a number of the oxidized forms of sulfu: including sulfat:, thiosul-
fat~ sulfite, tetrathionate, metabisulfite, and c.thionite. Of further
interest vere the observations of Postgate (18) concerning an unknown growvth
factor i1or these organisms in yeast extract and peptones. Both the iadividual
and synergistic effects of seversl amino acids were studied in Postgate's work
but none of the mixtures employed were capable of reproducing the growth level
attained through the use of peptones and yeast extract. It was stated that
the nissing factor or factors might be of the polypeptide group. Cesein
hydrolysates were also active in growth promotion, and Sprince and Woolley (2k)
have shown that strepogepin, isolated from the polypeptides of casein hydro-
lvoates, is active in grewih promotion of certain lactic acid bacteria. In
Postpate's work, one of the more responsive strains to yeast extract-peptone
media was a halophilic st.ain; Texas 29.12.B, supplied by ZoBell and pre-
sumably of marine origin.

Postgate (17) and Rogers (20) have worked on inhibition mechanisms con-
cerning sulfate-reducers. Postgate's work indicated that selenate corpeti-
L~vely inhibits the reduction of sulfatc, and Rogers hes achieved inhibition
of grewth by the use of proflavine and acriflavine dyes. It was interesti
to note ti= “tiwe’ural similarities between these dyes (35) and riboflavinn? “).
Both the slzpine dinucleztide aad the nhiosphate of riboflavin aic prostheti-:
groups fo3 enzymstic reactions involving hydrogen transfer in biological
tissues. It is pa:ssible that the dyes used by Rogers in his iuvestigations
were antirenzyuatic in nature. The bilochemical approach bears much promise
for the uliimate control of anaerobic microbiological corrosion.-

C. Electrochemical Investigations

Before the results of biocnemicel investigations can be applied to the
control of corrosion by sulfate-reducers, the electrochemical mechanism should
bc better understood. Vormwell ana Farrer (38), VWaulkiyn and Spruit (52) ard
Hodley (9) have reported that the potentials of iron electrodes change in tae
anodic direction when nutrient media in which they are exposed are inoculeted
with pure cultures of sulfate-reducers. Uanklyn end Spruit found little dil-
ference in the corrosion notentials of iron electrodes in sterile autoiropiic
medic and those inoculated with sulfate-reducers. They interpiated the greater
nezativity of the iron electrode in inoculated heterotrophic media as being duc
to the production of sulfide occasioned by the addition of the organic hydroge:
donor, lactate. This would agree with the concept of sulfide ion as an anodic
s-imlator. Hadley intcrpreted this potential change as being due to cathodic
depolarization. Wanklym and Spruit disegreed with this interpretation, stat-
ing that cathodic depolar’zetion would be expected to render an electrode more
cathodic. The work of von Volzogen Kuhr and van der Viugt (31) indicated tuat
c¢othodic depolerization is involved in anaerobfc corrosion. Wormwell end
Farrer, apparently with reference to the concepts of polarized electrodes leid
down by cvans (5), Evans and Hoar (7) and Brown and Mears (1), suggested that
both cathodic and anodic polarization effects are respoasidle for this in-
c.reasing negativity.

—
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A study of single electrode potentials shows that irorn electrodes in
nedia inoculated with sulfate-reducing bacteria become more anodic with
reference to a standard electrode and that the final solvtion potential assumes
£2i2 degree of stability. Such a study does rot pruvc that the electrode will
or will not be subject to depolarization by sulfate-reducers if mede cathodic
to ainother electrode in a galvanic circuit. If an iron cathode in o culture
or sulfate-rediicing bacteria wer: isolated as a sepu.ate half-cell and con-
neeted thuougi an external circuit to an iron anode in a second compartmert,
e cranges in palvenic current and electrode potentials shculd be subject
¢o study in a weaner similar to that used by Evans (%5,6), Evans and Hoar (7).
sad Boovr wrd Yuoues (1). Essentially, that has been the experimental method
cuployed in tils work.

Using the cell described ab~ and illustrated in Figure 1, changes in
galvanic current and electrode potentials were studied by closing the external
cireuit through e series of known resistances. A comparison of inoculated
cells and sterile replicec made it possible to study the efiects of bacteria.
The same method was applied to a study in which sulfate-reducers were grown
in bentonite and a third set of exposures was run to study the effects of
saturating sterile bentonitic slurries with sulfide. These procedures are
described in greater detail as the experimental work is presented.

APPARATUS

A. Potential and Current Measurements

Potential measuvrements vere made with a Type D Rubicon potentiometer of
1.0’5 volt accuracy and Rubicon gelvanometer of 0.0122 microampere sensitivity.
The latter instrument was also uscd in making measwements of galvanic current.
In the higher current ranges a calibrated shunt was used in parallel with the
instrmument resistance. The standard cell was a certifi:d Epply Laboratorics
cell of 1.0193 volt at 20° C with & negative temperature coefficient of 4.05 x
1077 volt per C°. The standard cell was mounted in a well which was then
suspended in thc temperature bath. . o

B. Resistance Measurements

Resistors used in the external circuits were calibrated using a Brown
Electro-Measurement Corp. Model 250-C impedance bridge. The Rubicon galvanom-
eter was used as <ie null point detector in D.C. resistance mecasurements. The
imedance bridge was also used to measure intcrnal cell resictance. A 1000
cycle A.C. signal was used and the null detector in these measurements vas a
spcaker-amplifier unit.

C. Reference Electrodes

Three 1 N calomel reference electrodes were prepared. Two of these, the
primary and secondary standards, were prepared in test tubes of approximately
% ml oiume. The third electrode was made up in 12 mm glass tubing with a
% am delivery tip filled with 1 N KC1 in 3.5% agar gel. The lattor was used
03 o working electrode and was checked against the primary standard after
pectentials to Q.1 mv vere measured. The primary standard electrode was as-
sumcd to be stable when variation in the potential diffeience between it amd
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tiie secondary standard did not exceed 0.05 mv. At this time, the primary
electrode was assumed to have a hzlf-cell potentiel of -C.2302 volt. Po-
teniinl measurcments were all r-.ative to this electrode. Periodic checks
between the primary and sccondary standard electrodec trere made. KReference
electrudes remained in the temperwture bath waen uct in use.

D. Temperature Control

Temperature was maintained at 25° + Q. 01° ¢ during the time that polari-
zotion data were taken and at 25 + Q. 05 C while potential-time data werc
taken. A mercury-toluene thermoregulator and a vacuum tube relay were
adequate to achieve this control.

E. Air Supnlz

AMr was supplied by Model 1 Thibverg aerators. The air was filtered at
the intake side of the aerators and brought to temperature equilibrium by
rassing through coppei tubing coils located in the temperuture bath. It
wos next brought to water vapor equilibrium and washed by dbubbling througn
a flask of distilled water also located in the toemperature bath. The fi-al
air filtration was accomplished by sterile cotton filters mentioned leter.

(Step 10, Cell Preparation)

PREPARATIONS

A. St:el Electrodes

S.A.E. 1020 steel electrodes of 12 mm diameter (1.13 cm? area) with a
shoulder of approximately 2 mm diameter and 0.03 in. in depth, were turned
from blenks of 0.09 in. thickness. After separation from the blanks, the
electrodes were réversed and chucked by the shoulder. The electrode faces
wvere dressed using & constant lathe speed, a constant cross-feed rate, &nd
a 0.001 in. depth of cut. After all signs of surface film were removed,
the electrodes were polished with No. 120 emery cloth. Copper lead wires
vere soldered on the back of the electro’~s and threaded through glass
shanks as shown in Figure 1. The electrodes, with the shoulders ixtending
into the open end of the glass shank, were then cemented in place™ . -
mediately before exposure they were again polished, cleaned in concentrated
nitric acid, and thoroughly rinsed in distilled water. (See electrode

sketcher, Figure 6).
B. Aluminum Electrodes

Aluminum 61S - T6 electrodes of 18 mm diameter with a center recess 6 mm
in diameter and 0.025 in. in depth were turned from blanks of 0.0ok in.
thickness. The electrodes were center drilled on the lathe and threaded
with a 6-32 tap. The heads of half-inch, 6-32 machine screws were turned
down until they could be inserted into 6 rm giass tubing and copper lead
wvires were soldered to them. The screw aad lead wire were threaded into

Electrodes were cemented to glass shanks with ihe Shell Research and
Development Co. cement, EPON VI.
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tue electrode and a safety nut was thrcaded on the portion of the screw ex-
tendirg through the electrode. The leud wire was run thrgugh a 6 mm glass
tubiry shank and the electrode was cemented to the shank in such a manner
that e tibing extended inside the 6 mm certer recese. The arca of cluminum
electrode uxposed was approximately that of the siteel electrode (1.13 cm<).
Tiue electrode surface opposite the center recess was masked off with cement.
When the cement had hardened, the electrode was chucked by the gl:ss shank
and the aresn next to the shank was dressed on the iathe. The remaining steps
are the same as those used in the preparation of steel electrodes. Ia the
assembled cell, the electrodes were oeiented horizontally with the exposed
areas facing upward. The composition of alloys is given below.

Percentage Composition of Alloys

S. A. E. 1020 =l (Material No. C15679)

51 Cu Cr S C Mn Ni P Fe
0.03 0.08 0.0hL 0.029 0.21 .0.50 0.0 .01} diff.

The mild steel specimens were in the hot-rolled and pickled condition when
reccived.

AL 6LS -T6 (S - 132766)

Si Cu C: Mg AL
0.6 0.25 0.25 1.0 daiff.
AL 61 S - Té was in the solution heat treated and artificislly aged con-

dition - hern rece ved.

C. Zcll ?reparation

Most of the data presented w:re taken using tue "H" cell shown in
Figure 1. This cell was assembled in such a manner that an anserobic culture
of marine sulfate-reducing bacteria in semi-solid nutrient agar filled the
lover portion of the right half-ceil to a depth of about 3 cm over the face
of the electrode. The remainder of the ha’ ©-cell vas filled with 3.5% see
water agar vhich upon solidification formed a solid bridge through the in-
ternal circuit side arm connecting the two half-cells. The left half-cell,
vhich contained sterilized sea water, was provided with aeration tubes. Tais
established the relative oxygen tension in the right and left half-cells. In
subsequent. discussions, these half-cells will be called respectively, "ane--
erobic half-cel.” and "aerobic half-cell”. Sterile contreclc were run witk
the inoculated cells and all cells were run in duplicate.

Some data vere taken from cell's designed to permit variations of the
cathode and anode areas. These cells comprised the same circuit as the "H"
cells but were composed of two 1500 ml beakers connected by a salt bridge.

It was not possible to maintain biological control over these cells and their
use was discontinued. The greatest difficulty in obtaining reliable electro-
chemical data lay in the differences in the internal resistance of the cells.

1 Electrodes were cemented to glass shanks with the Shell Research and
Development Co. ccoment, EPON VI.
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This, however, should have little effect on open circuit potentials and these
data are presented.

The steps necesscry in the preparation of the "H" celis are listed se-
quentially. Letters in parentheses refer to lebels on Figure 1.

1. Filters (A) were filled with cotton, wrap:ed in paper and sterilized.

2. The side arms and wmouth of the aerobic half-cell were plugged with
cotton, wrapped in peaver, and th2 unit sterilized empty.

3a. The anacrcbic half.cell was prepared in a similar manner except that
a short section of rubber tubing, closed on one end by & small cork, was
placed on the internel circuit =ide arm and 40 ml of semi-solid nutrient
agar were placed in the half.celi. The unit was then sterilized.

3b. In the experirents in which the electrodes were exposed in saline
bentonite, S gramz of this clay, pretreated 1 witho. 5 liter of nutrient
medium, were supportel by & pyrex wool pad in the anserobic half-cell. This
procedure was also followed with cells containing sulfidz-saturated bentouite.
The half-cell was then sterilized.

4. Vhen the nutr:ent had cooled to a semi-solid state, a 2 ml inoculum
of sulfz*c-reducing dbacteria was aseptically introduced deep into tic mediwm.
It was found ex; :dient to then incubate the anaerobic half-cell in = Brewev
anasrobi: Jar until tlackerning of the medium gave evidence of an active
culture In sterile contrels step 4 was omitted.

5. The electrode (B) cuspended by a gless shank in a No. 5 two hole
rubber stoprper, was sierilized by dipping in iso-propyl alcohol and drying
under ultraviolet light. The electrode was then flamed as it was passed into
the half-cell. The s<cond hole of the stopper contained a mercury vell.

5. A sterile filter S;P wvas placed on the vent arm (C) of the anaerobic
nalf-cell and sterile 3.5% agar-sea water was added aseptically through the

bridge arm (D).

7. Upon solidification of the 3.5% agar mixture, the internal <ircuit
(E) side arms of both 1alf--ells were unwrapped 25wk, wia” Joined by merns
of the rubber tubing mentioned {w .<4up on~ it he cork mentioned in step 5
merely served {:..costa itz agar-sea water mixture before soldificati-n and

wds ‘remcred before joi:ning “he two half-cells.

8. The egar sea water mixture was added to the bridge amm of the aere*ed
half-cell. Pyrex wool, placed in the bridge arm before sterilization, sup-
ported the agar while still liquid.

9. The cutten plug was removed from the mouth of the aerated half-cell
and sterile sea water was added. The electrode was placed in the half-cell
usii; the same procedurs as in step 6. Cotton filters were then placed on

the aeration tubes.

1 The method of pretreating bentonite is described ir a later section.
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10. The cell was nlaced in a constant temperature bath and the »renara-
tion was comnleted by connecting the affiuent aeraticn tube (F) to a source
of wvashed and filtered air and placing the end of the lcad wire (G} of the
vlecirode into the mercury well.

Firure 2 shows the completed cell with an active culture of bacteria in
the anaerobic half-cell and the aerator line in place. The external circuit
has been closed by placing the leads of a precision resistor int~ the mercury
vells.

Steps 4 through 9 were carried out in e chielded area flooded with ultra-
violet light. All sterilizetion, other than that of the electrcde assemblies,
wvus accomplished by autoclaving at 15 psi for 30 minutes.

D. Freparation of Medium

The bacteriological mediun used in this work was a modification of that
used by Sicler and ZoBell(22) in their studies of hydrog=n utilization by
marine sulfate-reducers. The composition of the medium is given below.

Bacteriological Peptone . . .
Yeast E}:tract L] L] . L ] L ] * - *
Sodium Lactate (60% solution)

388
&\mmm

« o e . . 1
« e o » . 1
B
KoHPOL.3H0 « « v o v o v v v v v o v .« 0.26258g
Fe(MHy)o(50y)2.6F0 « < . . . . . . . ¢ . 0.3100 g
‘MgSoy. 0 .. ... o .. .. 0.M0TS5g
’sorbic Acdd 4 . 4 v 4 v v s e s e e e . 0.0000 g
Agar-agar (Bacteriological) . . . . . .. 3.0g
Cea Vater + ¢ ¢ ¢« o o ¢ o o ¢ o o o o o s 1 liter

The reagents were weighed out and mixed thoroughly with 1 liter of sea
water. The mixture was heated to the boiling point in order to dissolve and
disperse L.iic agar-agar, and then poured into the anaerobic cells and steii-
lized. (Step 3, Cell Preparations. The pH of the medium varied firom 6.%
to 6.7, and the redox potential, referred to the standard hydrogen electrode,
varied from +225 mv to +195 mv.

E. Preparation of Pretreated Clays

1. Pretreatment of Bentonite for "H" Cell Exposures

Pretreated bentonite was prepared by adding 10 grams of clay to 1
liter of uutrient medium and sterilicing the mixture. The necessity for pre-
treating 1s pointed out in the Appendix. Sulfide-saturated bentonite was
prepared by tubbling HoS through the slurry of pretreated bentonite. No
agar-agar was included in the nutrient solution used in this procedure and
the gsupernatant liquid was decanted and discarded.

2. Pretreatment - Clays for Beaker Cell Exposures

The effects of sulfide-saturated kaolinite and illite, as well as
variously treated bentonitic slurries, were briefly studied in beaker cell
exposures. No specific studies, such as those carried out for bentonitc (Sec
Appendix) were made to determine the method of pretrcating kaolinite and
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illite. The stated amownts of these clays were chosen ia order that *heir
volumes, when saturated vith nutrient medium, would be approximately equal
to the volume of the 20 gram sample of bentcuite used in the beaker cell
tests.

a. Sulfide-saturated Kaolinite

The clay used in the preparation of the psevdn-sediment was 99.5%
pure keolinite from the Aiken, Soutl Carolina sourcc. Seventy.-five gramg of
the clay were sterilized by dry heat for a period of about 10 hours. The
clay vas then mixed aseptically with 1 liter of nutrient medium and the slurry
was transferred into a 1500 ml half-cell containing a mild steel electrode.
After about 18 hours of contact, the supernatant liquid was removed by vacuun
and replaced by an equal volume of medium containing 0.35% agar. The slurry
vas then caturated with HoS.

b. Sulfide-saturated Illite

The illite uced in these preparations wac an impure clay con-
taining carbon contaminants. It was, however, practically free of contamina-
tion by other alumino-silicate minerals. TlLe pretreatment method was the
same as that employed in pretreating kaolinite, excegyt that 200 grams of
illite were used. '

¢. Sulfide-saturated Bentonite

the b.ntonite used in these experiments was a Harshaw technical
grede rea;ent. The method of preparation was the same as for the two clays
mentione~ above e:cept that 20 grams of bentonite were used.

d, Sulfide-free Bentonite

Sulfide-free bentonite was prepared in the same manner as other
bentonitic pseudo-sediments except that it was not saturated with HoS.

F. Sea Vater

£)1 of the sea water used in this work was taken at one location and
time, It was aged according to ZoBell's concepts (ii0) and chlorinity de-
terminations were made using the Knudsen method (30). The chlorinity was
18.35 ©/0 and pH ranged from 8.0l to 8.15. The redox potential (Ehg of the
sea water wns measured after being in contact with air for several hours.
En, although unstohle, wes about 300 mv positive to the standard hydroge:

electrode.
G. Inoculations

All inoculations were made with a hydrogen-utilizing, heterotrophic
strain (No.354) of Deswiiovibrio desulfuricans supplied by the Division of
Microbiology of the Scripps Institution of Oceanography.

T



o bl i

- 11 -

INTRODUCTION TO EXPERIMENTAL VORK

L. Corrosion Theory

If two metals of different chemical comacsition are cxposed in an elec -
trolyte and connected cxternally by an electrical conductor, galvanic cur-
rent flows from one metal to the other. Galvanic curient will al.o flow
betireen tvo electrodes of ideiitical composition i they are exnosed in dif-
ferent clectrolytes ccnnected by a salt bridge. Under either of these con.
ditions, the anodic member of the circuilt will suffer a loss of weight
which is directly related to the galvanic current by Fareday's Law. There
are several ways to express Farcday's Lav but, from the viewpsint of cor-
rosion electrochemistry, it is most convenicntly oxpressed in terms of weight
loss as follows:

Uy = %E.Ja
where Vipg = wveight loss of the anode in grans
I = galvanic current in amperes
t = time, in seconds; during which galvanic currcnt flows
F = faraday (96,500 .oulombs)
Jg = gram-equivalent weight of anodic metal

In come ~xperiments on galvanic corrnsion, it is sstisfactory to study
veight louy a8s .t is related to galvanic current through Faraday's Law. 1~
other e:periments, in which it is impossible to duplicate the natural cir.
cuit, *nvestigations may be based upon the change in galvanic current caucrd
by polarization ot one or both of the electrodes.

The following resume of corrosion theory, taken essentially from the
work of Vesley and Brown (35), should help to explain how such methods are

used for different problems in corrosion. In the presentation below potenti.is

are considered as oxidation votentials while the authors mentioned above used
the convention of reduction pctentials.

The relationship between potentials, currant and resistance in galvani.:
cells may be stated as follows:

E, - B, = I(R + Ri)

where
= polarized potential of the anode

polarized potential of the cethode

galvanic current flow through the cell

resigtance of the metallic portion of the circuit
(external resistance)

resistance of the electrolytic portion of the circuit
(internal resistance)

Ey
E
I
K

Ry

Enf measurements made vith a potentiometer are called open circuit pclen-
tials because, at the balance point, opposing voltages are made equal oo
that no current flows in the circuit being measured. The open circuit po-
tential of the cathode (E:) and that of the anode (F4) can be related to
their polarized potentials by the following expreasiona.

......
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Eq a " fo. I/Aa |
vhere fo and fy = poiarizing functions of the cathode and anocdc, and

Ac and Aa = the areas of the cathode and anode.

T.larization is defined as the change in the natential of an electrode
resulting from current flow. Reference to the equations above shows that
the potential of the anode changes in the cathodic direction while the po-
tential of the cathode changes in the anodic direction as galvanic current
increases. A polarization curve i1s a curve which illustrates these relation-
ships. It can be visuaslized that the electrodes of a galvanic circuit cannot
contiiue to polarize indefinitely. If I 1is plotited against E; and Eg, the
maximum galvanic current is theoretically fixed by the intersection of the
cathodic and anodic polarizatics curves.

In order for the results of corrosion tests to be meaningful, the method
of investigation must duplicate natural conditions as nearly as posaible.
In many corrosion cells, especially those which are produced on a single
piece of metal by local differences in the electrolyte, the anodic and ca-
thodic members cannot be separated and recoupled through measuring circuits
in a manner comparable to natural conditions. In such situations the study
of polarization phcnomena cun be a very useful method of approach. If Eg
and E, are plotted alnng the ordinate and galvanic current is plotted along
the absciss ., th-a the vertical distance between points on the anodic and
cathodic :.olarizetion curves is equal to the drop in potential through the
cell. 2%+ the point of intersection of the two curves, the cell resistance
bas the. ;etically been extiapolated to zero and the maximum galvanic current
attaineble by such a cell has been reeched. Because of this relationship,
anodic and cathodic areas, which in nature are separated by cxtremely smell
distances, nay be isolated as separate half-cells and studied as though
they still existed side-by-side.

In neutral cr acid electiolytes one of the most common causes of polari-
zation is the electrodeposition of hydrogen upon the cathode. The hydrogen
is adsorbed in the atomic state aad cannot be evolved unless the cachode po-
tentiul is equal to or greater than its equilibrium potential plus its hy-
drogen overvoltage. Adsorbed hydrogen on the metallic surface and hydrogen
ion in the electrolyte are the basic components of a gas elecirode analogcus
to the hydrogen electrode. Such an electrode produces an emf in opposi:ion
to that of the cell and a consequential decrease in galvanic current. Trnis

18 essentially the mechanism of cathodic polarization by adsorued hydrogen.

Suliate-reducing bacteria are known to be hydrogen-utilizers and it has
been suggested that these bacteria more readily utilize atomic hydrogen
adsorbed on cathodic surfaces. Such a mechanism 1s called depoluarization
and results in greater ~~rrosion rates.

B. Conventions Employed

Thioughout the remaining presentation, open circuit potentials are re-
ported as oxidation potentials referred to the standsid hydrogen electrode
and, vhen possible, data are presented on duplicate expcsures. Ej, measure-
ments are also referred to the standard hydrogen electrofe. The following
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nomenclature will apply throughcut the remuinder of the paper.

{ - exiernnl resistance
: internal resistonce
potential difference between cathodc and tnode ¢t the
time thut the external circuit was closed, i.¢., cell
voltage on open circuit.
It = nolentiel drop acioss the resistor in the externmal circuit.
I'R + &) - votentinl drop through ccll.

P
-ttt
P
nen

I = _alranic current
By - =;cloriued poiential of tae anode
Bs = peolurized poiential of the cathode

C. Eiposure Systens

Severel clectrochcmical systems were studied in connection with the
corrosion of metalc ir puseudo-marine environments. The expesure made in
becker cells are outlired in Teble 1.

Table 1-

Mild Stecl Zxposures in Beaker Cells

Conl Contents of Contentis of
ResignrLlon* Ancerobic Half-cell Aerobic Half-cell

Sulfide~ alurated Llurry of keolinite in Aerated sea water
Kaolinite nut—ient medium satu-

iveted with HoS
Sulfide-saturated Slurry of illite in Aerated sea water
Iliite nmutient medium satu-

‘ raced dith uas

Sulfide-saturated Slurry of bentonite in Aerated sea water
Bentonite nutrient medium satu-

rated with HQS
Sulfide-free Slurry of bentonite in Aerated sea water
Bentcnite nutrient medium
Inoculated Slurry of bentonite Aerated sea water
Bentonite inoculated with sulfate-

reducing bacteria

% In subsequent discus-"om, the entire cell is considered by reference to
. the description under “Cell Designation".

In. «ll of the beaker cells, the aerated electrodes were anodic to the
air-free electrodes, and in keeping with the temminolcgy applied to the "H"
cells, the half-cell containing sterilized sea water has teen called the
“aerobic half-cell' and the half-cell containing clay has been colled the

e AL R . .’l“ .
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The surface area of all electrodes exposed in the
beaker cells was 128 em©.

Bearer cells were founa cujectionable in several wvays and & number of
exposures were made in ulic “H' cells previously described. The exposures
rade in "H" cells are outlined in Table 2. :

Table 2

Mild Steel and Al 61 S Exposures in "H" Cells

Cell
Designation*

Mild Stnel in Sterile
Nusrient Medium

¥ild S%eel in Nutrient
Meciun Inoculated With
Sulfate-reducing Bac-
teria

Mild Stceel in Sulfide-
free Yoo 5.

Mild Citoel in Cul{ide-
scturat.” Deatoniue

Mild Steel in Benton-
itis Slurries Inoc-
wiz7ed Vith Sulfate-
vedaciag Bncteria

Al o1 S in Incculated
Nutrient Mcedium

/1 61 S in Sudfide-
soturated Eeutonite

Al 61 S in Inoc-
ulated Bentunite

Al 61 8 in Sulfide-
free Bentonite

Conteants of
Anserobic Half-cell

Sterile nutrient
medium

Nutrient medium inoc-
wiated with sulfate-
reducing bacteria

Slurry of bentonite in
nutrient medium

Slurry of bentonite in
nutrient medium satu-
rated with

Slurry of bentonite in
nutrient medium inoc-
uleted with sulfate-
reducers

Nutrient medium inoc-
wlated with suliute-
reducing bacteria

Slurry of bentonite in
nutrient medium satu-
rated with HoS

Slurry of bentonite in
nutrient medium inoc-

“ulated with sulfate-

reducei's

Slurry of bventonite in
nutrient medium

Ccntents of
Aercbic Half-celi

AHeruted sea wvater

Aerated sea water

Aerated sea water

Jercted sca water

Aerated seu weter

Aeratcd gea weter

Aerated sea water

Aerated sea vater

Aeratced sca water

# In sabsequent discussion, the entire cell is considered by reference to
the description under "Cell Designation".

-
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Ii. shovid be kept in mind that in all of the celis, the anode and
cathod~ of a given system consisted of the same metal and were prepared in
such a manner that they were as nearly identical as possible.

Fifteen hundred ml half-cells were aseembled by mounting electrodec
and bridges, as well as tubing to permit the addition or withdraw.. of
solutions, in a paper template which was then fasisned over the top of the
half.cell by rubber bands. A bubbling stone aserator and an air pressure
relief tube were included in the aerated half-cell. Twelve hundred and
fifty ml of dis..'led water were added and the beaker assemblies were
autoclaved. Upon removal frou the sterilization chamber, hot paraffin (100°C)
was poured over the distilled water. After solidification, a second paraffin
seal (180° C) was poured which completely filled the space under the paper
template. Upon solidification ci the paraffin, the distilled water wvas
removed by vacuum and replaced by 1 liter of the wpprcpriate solutions. Upon
completion of the half-cell assemblies, the salt bridges of half-cell pairs
were ccnnected by a glass "H" tube and filled with 3.5Z zgar-agar.

PRESENTATION OF DATA OBTAINED USING BEAKER CELLS
A. Corrosion of Mild Steel in Cells Containing Kaolinite and Illite

In spi.¢ ¢ she fact that bentonitic cleys are often predominant in thc
sediment~ of off-shore regions, it was considered advisable to briefly stu.y
the reistionghi) between other clay types and galvanic corrosion in the con-
centrat.on cell yroduced across the sediment-water interface. Rather than
to carry out a cumlete set of experiments, effects of sulfide-saturated
koolinite and illite are compared with those of sulfide-saturated bentonite.

1. Sulfide-saturated Kaolinite

Duplicate cells vere assembled, as previously described, and pleced
in the temperature bath. Table 3-A contains the chronological changes in
oxidation potentials of the mild steel elecirodes exposed. After 490 hours,
the external circuits were closed through known resistances. Data relatirz
galvanic current to sell resistance are presented in Table 3-B. Data de-
rived from this table cire plotted in Figure 5 at the end of the section.on
beaker cells. Due to variable internal :esistance, the galvanic current
data from cell 1 are not presented in Table 3-B.

2. Sulfide-saturated Illite

Duplicate cells, similar to those described above for kaolinite,
vere prepared using illite in the anaerobic half-cell. Table L-A contains
the chronological chs-ses in oxidation potentials of the mild steel elec-
trodes exposed. After 490 hours, the external circuits of the cells were
closed through known resistances. The data relating galvanic current to
cell rrsistarce are presented in Table L-B azd Figure 5.
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Table 3

Blectrodcs

TTIT LS

in Aerated

Sea waver and HpS Seturcted Keolinite

Potentials in Volts

Cell 1 Ccll 2
Tare in Aerobic Anaerobic JLerobic fnaerovic
_Heurs Half-cell Half-cell Haif-cell Half-cell
[+] +0.466 +C.456 4C.458 40.452
30 +0.465 +0.458 $0.454 40.453
5% +0.575 +0.457 +0.456 40.453
T 0. 478 +0.457 +0.458 +0.5453
0 +0.472 +0.458 +0.458 40.555
126 +0. 581 +0.L59 +0.55k 40454
276 +0.967 +0.58) +0.475 +0.458
3 +0.499 40.450 +0.437 +0.458
) +0.511 +C.43) +0.516 16.459
38% +0.531 +5.462 +5.5:8 4C.455
450 40.510 40,5643 +0.516 +0.450
B. Effects of Lxterral aesistance cn Galvame Current
Cell I Celd 2
1 R I(R + Ry) I
_in ohas in microamps in ohm=s _ volis in microaros
5.515xC5  0.0628 6.120
Date not rresented 2.?82x105 0.0657 0.21%
Ry w2s not constant 5.049x30%  0.0570 1.22
5865 0.3403 9.76
81 90 04555 16.0

= 29 000 ch=
= 0.

056 voirs

|
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Table b

A. Oxidaticn Potentials of Mild Steel Electrodes in .erated
Sea eter and EpS Saturated Illitc

Potentials in Volts
Cell } Cell 2

Tine in ferobic Anaerobic Lerobic Ansercoic
Hours Enlf.ccll Half-cel) Half-cell Helf-celd)

[ +0.457 40.432 40.453 RN
30 +0.555 40.430 +0.549 +0.442
sh +0.456 40.428 1¢.k50 40.442
+0.45¢ +0.4527 +0.451 40,552
40,457 40.427 +0.453 40,543
+0.45) +0.%2% +0.456 +0.543
40,531 +0.428 40.4%31 +0.548
300 40,431 40.428 +0.46% +0.449
o3 +0.L3% 40.431 40.468 +0.4560
384 +0.465 40.532 +0.468 +0.450
450 +0.575 40.435 +0.%69 10.452

B. Effects cf Externsi Resistance on Gelvanic Current
Cell 1 Ceil 2

R I R I
inckms I(R + Ry) in rmicroarps in ohos I(R + R;) im microesns

6.500::105 0.0355 0.052 7.283x20%  0.0175 0.4

3.195x20%  0.0780 3.60000°  0.0163 0.045

3.110&10" 0.0395 1.436x20%  0.019% .22

0.0326 170 0.0166 9.76
0.0108 0.013% 8.63

= 1089 okzs
= 0.038 volt 0.0i7 voit
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B. Corrosion of Mild Steel in Cells Containing Saline Bentonite

In the present section, cells, comparable to those used in the studies
of keolinite and illite, are described. The cells containing sulfide-satu-
tated and sulfide-free bentonite were intended as controls for systems con-
taining bentonitic slurries inoculated with sulfate-reducing bacteria. Little
attenticn has been given to the study of potential-+ime data in th¢ present
section.

1. Sulfide-saturated Bentonite

Duplicate cells, containing sulfide-saturated bentonite, were pre-
vared in a manner previously described. Table 5-A contains the deta on
changes in open circuit potepntials with time. After 325 hours, the external
circuits were closed through kncwa resistances. Data relating galvanic cur-
rent to cell resistaance are presented in Table 5-B and Figure 5.

2. Sulfide-free Bentonite

Duplicate cells were prepared and brought to temperature equilibriwum.
The external circuits of the cells were left open for a period of only 2060
hours as compared to 325 hours in the case of the sulfide-saturated cells.
Table 5-A contains the potencial-time data which were obtained on thnese cells.
Data relating galvanic current to cell resistance are presented in Table 6-B

end Figure 5. :

5. <Zucculated Bentonite

After the vata, from the cells containing suvlfide-free bentonite had
been taken, the cells were inoculated with a 20 ml inoculum of sulfete-
reducing bacteria. The cells were incubated for about 150 hours before
further data were taken. During this pcriod; the internal resistance of
cell 1 increased to over 170,000 ohms, supposedly due to HoS gas insulating
the tip of the bridge. Changes in external resistance produced little change
in galvanic current in this cell and these data are not presented. The in-
ternal resistance of cell 2 changed very little and data reluting galvanic
current to cell resistance are presented in Table 7 and Figure 5. No poten .
tial-time data are presented for this period.

The data compiled in part B of Tables 3 through 6 and the data pre-
sented in Table 7 have been used to construct curves relating cell resioi-
ance to galvanic current. The extcrnal resistances (R) were auled to the
internal cell resistance (Ry) tc determine the total cell resistance associ-

'ated with a measured galvanic current. In Figure 5, log (R + Ri) is plotted
against galvanic currcent. Not all of the points felil along the curves as
precisely as those plotted and only enough points are included tc indicate
the general agreement c. results. Thies was done in order that the five cur. s
might be presented on a single page and thus be more readily compared. None
of the data from cell 1, Table 6-B were included in Figure S because of high
registan~e of the cell.
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Table

A. Oxidation Potentials of Mild Steel Flectrodes in Aerated
Sea vater and Sulfide-<oturated Bentonite

Potentials in Voits

Cell 1 Cell 2

Time in Aerobic Anaerobic " Aerodbic Anserobic

Hours Holf-cell Half-cell Half-cell Half-cell
0 +0.468 +0.4ko +0.469 +0.433
250 +0.469 +0. 42k fQ.h’.’? +0.426
255 - +0.556 +0.425 +0.478 +0.426
260 +0.466 +0.425 © +0.478 +0.428
275 +0.158 +0.425 +0.477 +0.4%29
280 +0.460 +0.425 +0.477 +0.431
325 +0.470 +0.426 +0.477 +0.531

= ——

B. EZfects of External Resistance on Galvanic¢ Current

Cell 1 Cell 2 _

in };hms I(R + Ry) in nicIr:!g_g i—nj:m I(R +Ry) 1in miczI'oangs_
2.504x10°  .0388 0.153 2.506x10°  .0634 0.250
1.004x10°  .1049 1.01 1.000x10°  .053h 0.616
5.205x0%  .0706 1.27 5.058x10%  .0649 1.21
1.596x10%  .0681 3.49 1.50kxa0" L0662 3.66
2136 .02 7.5 2112 0379 T7.44
549.6 .0378 9.21 545.5 0309 8.58
99.61 .0354 9.84 100.7 0503 9.79
43.79 .0367 10.3 49.99 0294 9.80
By = 3520 ohms Ry = 3010 olms

P-Do = O-Ouu volt P.DQ = 0.0'*6 V'Olt

© AR SRANE, W
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‘fable 6

A. Oxidation Potcntials of Mild Stcel Eizsctrodes in Aerated
Sea Viater and Sulfide-free Berntonite

Potentials in Volts

Cell 1 Cell 2
Time in Jcrobic Ansercbic Aerobic fnaerobic
_Hours Holf-cell Half-cell Holf-cell Helf-cell
0 40,469 +0. Ll +0.509 +0.449
250 +0.459 +0.4b3 +0.479 +0.453
255 +0.4351 +0.459 +0.480 +0.454
260 +0.46) +0.445 +0.483 +0.452
275 +0. 462 +0.44% +0.481 +0.452
280 +0.463 +0 . bl +0.481 40.451
S. Effects of External Resistance on Galvanic Current
. Cell 1 Cell 2 _
R I R I
in_ohms in microamps in ohms I(R + R;) in microam: -
5.000%:107 0.0L5 5.000x10° 0.0277 0.055
2.500x102 0.085 2.500x10° 0.0318 0.119
1.000x107 0.150 1.000x10° 0.0304 0.293
1.000x10* 0.703 1.000x10% 0.0332 2.4%
5000 0.732 5000 0.0312 3.63
1000 0.937 1000 0.307 6.~7
500 1.10 500 0.0301 .54
115 1.12 50 0.0285 T-91
Ry = 28,500 olms Ry = 3550 ohms

P.D. = 0.019 volt

P.D. =.0.030 volt
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Table 7
Inoculated Bentonite: Galvanic Current-Cell Resistance Data

. Celll — e Cell 2 I
_in _olms _ in microamps inolms I(R + Ry) in microemps
5.018x10°  0.0207 0.0k1
Data not presented 2.506x10°  0.0185 0.073
Ry exceeded 170,00C ohms 1.000x10°  0.0180 0.17k
5.058x10%  0.1777 0.329
1.054x10%  0.1305 0.939
2136 0.0178 3.24
549.6 0.0182 k.55
100.7 0.0175 5.00
49.99 0.0175 5.00

P.D. = 0.032 volt
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DISCUSSION OF BEAKER CELL TESTS

It may be argued that the resistance-current relationships presented
depend pon the potential differences between the cathodic and enodic elec-
trodes and this, of course, is true. It should %e kept in mind, however,
that the anodic electrcdes were, in every cell, exposed in aerated ses water,
and thus the cell variations permit a study of the effects of alterirg the
catholyce. Differences in galvanic current between cells chould then, be
atiributedble to differences in catholytes.

With reference to Figure 5, salvanic current below 1.5 microamperes is
thought to be primarily controlled by external resistance wvhile current flow
in excess of this value is considered to be & function of the polarized po-
tential of the cathode. This concept is supported in the next section vhere
the use of "H" cells lowered internal rcsistance to less than 300 ohms. The
¢alvanic current produced in these cells was not proportional to this de-
crease in internal resistance.

Further evidence that the galvanic cu-rents observed were functions of
polarized potentials is provided by comparing the internal recistances of
the cells. If the galvanic current were primarily controlled by differences
in the open circuit potentials of the anode and cathode, then the internal
resistance of the cell should limit the galvanic current generated. The
highest internal resistance of any of the cells studied occurred in cells
containing sulfide-saturated Laoolinite. Reference to Figure 5 shows that
this cell a's0 ;v duced the highest galvanic current. Similar discrepanciet:
between 1r.ernal resistance and galvanic current may be noted in the other
data pres:nted. ‘here seems to be only a limited relationship between in-
ternai cell resistunce and galvanic current.

It was thought when the experiments were begun that the open circuit
potentials of the duplicate electrodes might have teen more nearly equsl than
they proved to be. These potentials, and thus the potential differences be-
tween anode and cathode of duplicate cells, were not reproducible and the
interpretation of data given above is subject to some doubt until better

duplication is possible.

It may be noted that in the cell in which the catholyte consisted of a
bentonitic slurry inoculated with sulfate-reducers, the galvanic current was
lowver than that of any of the other cells. This tends to contradict the
theory that tnese organisms function as cathodic depolarizers. The measure-
ments were made et a time when the metadbolic activity of the culture shou!d
have been near its maximum. The decrease in galvanic current cau be attri-
buted to neither higher cell resistance nor lower cell voltage since these 1
factors were not greatly changed by invculating the cell with sulfate-reducing
bacterie. Cell voltage (on open circuit) actuslly increased slightly while
internal resistance decreased. Lower galvanic current in the inoculatad cell
can be explained by asswuing that the lower pH of the catholyte after in-
oculation permitted cathodic polarization. While hydrogen ion might be ax-
pected to migrate through the clay slurry the bacteria could not. This would
prevept. Cepolarization of the steel cathode. This conclusion is partly borne
out by examining the clay sediment after disassembling the cells. 1t was
noted that the clay wvas only slightly discolored by ferrous sulfide. It is
thus assumed that very little physiologicael activity took place in the clay.

TPV ey a g s
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In conclusion, it may be stated that the galvanic current generated by
the cells described depends primarily upon the clay type used in the anaero-
bic kalf-cell. Effects of neither By, pH, nor sulfide, are immediately
asparent.

The pH und E; data on these cells are prescuted in Teble 8. Rather
than to inndvertently contaminate the solutions in which the spec‘mens were
ex;sed, the initial pH and Ep, values were obtain:l from small samples pre-
lared Jor tais purpose. The reader is referred to the Appendix for pH and
Ej; of sulfide-free bentouitic slurries vefore exposure. The following sec-
ticn on "H" cells ulso contains riore complece data on pH and E;, of cells
cortaining bentonite. Due to the fact that clay deposits were disturbed in
disassembling the cells, the Iinal E, and pH data are not considered entirely
representative of conditions at the electrode surface. However, the probes
cf the measuring electrodes were inserted in the least disturbed part of
the clay deposit while making the measurements. It is felt that differences
in initial end final pH and E, in the ansercbic half-cells is a better index
of biological contamination than reactions attributable to clays and chemi-
cal treatment. Ej, and pll will be discussed later in comparison with similar
data taken on "H" cells.

Several factors contributed to the aubandomment of beaker cell tests.
rmong these were high internal resistance, variable internal resistance; the
inability to reproduce open circuit potentials of duplicate specimens, and
the inability to prevent microbiological contamination. In order to main-
tain move x ;.2 " iological and electrochemical control, the "H" cells were
substitut-d for reaker cells.
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"H" CELL EXPERIMENTS

A. D.fferences Bstween Beaker Ccll and "H" Cell Techniques

Sket~l.es in Figure 6 show the differences 1ia ilic three types of electrodes
used {n the cxperimentel work. (See also Preparation of Electrodes) .De
Khotinsky cement was used in the conetruction of the besker cell c¢'ectrodes
wnile ZPON VI was used in the preparation of "H" c:21l electrodes. The beaker
cell electrodes were steriliized in their respective half-cells by autoclaving
in distilled water vhile the "H" cell electrodes were sterilized by alcohol,
ultraviolet light and flaming. Zn compariscn with the "H' cells, the beaker
cell aeration was very weak. Only one serstor was placed in each aersted half-
cell end its position prevented its being effective in supplying oxygen to the
entire electrode. Another variation introduced in the "H" cells was the man-
ner in waich the clay was trest~~. In beaker cell tests the clay was steri-
lized dry while in the "H" cell tests it was sterilized, after pretreatment,
by autoclaving in nutrient medium. This was dcne to avoid transferring damp
clays while trying to mcintain sterility. Only minor differences in Ej and
PH of clay slurries prepared in the two ways were apparent.

For one or more of the reasons stated above, the polarities of mild steel
in the "H" cells were, with two exceptions, opposite to the polarities en-
countered in the beaker cells. In all of the "H" cell steel exposures made
in clays the anaerobic electrode was anodic to the aerated electrode. Only
in cells rontaining sterile and inoculated medium, without cley, were the
aerated eluctrud. s anodic to the anaerobic electrodes. Based on the study
of potent.al-time date, it is beifeved that conditions contributing to the
reversal of polarity occurred in both the aerobic and anaerobic half-cells
of the "d" cells. The two factors thought to be most important ere the use
of EPON VI cement and the oxygen concentration of the aerated half-cell.

EPON cement occassionally softened when in convact with aluminum in cells
containing sulfides but this was not noted on steel electrodes. No data are
presented on aluminum cells in which the cement hed softened. Aluminum celis,
in general, caused considerable difficulty and the study of aluminum in these
cells is quite incomplete. The unfavorable -ecaction to EPON cement, the de-
velopment of open circuits in electrode leads and, in several cases, the
accumulation of gases within tlk= anaerobic half-cell, resulted in a very
limited study of Aluminum 61 3. The reliable data are presented, although
duplication was not possible.

B. Experimental Irocedure

After the assembled "H" cells had been placed i.» a temperature bati and
brought to 25° C, open circuit potentials of both electrodes were meesured
with reference to a 1 N calomel electrode. Thegse potentials were recorded
chronologically and when relatively stable the external circuit was closed
through e known resistance. This resistaace was recorded and when the gal-
vanic current through the cell became constant, the IR drop across the re-
sistor was measured and recorded. The physical make-up of the cell and the
lack ¢? yroper instrumentation made it impossible to determine potentials while
the cell was actually drawing current. Instead, the open circuit potential
of the more stable electrode in the cell was measured as rapidly as possidle.
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In cells containing mild steel, the potential of the anode was measured and
in aluminum cells, the potential of the cathode wee measured. After the
firs. two measurements, the slope of the potentisl-current curve was esti-
mated and the potentiometer dial set at approximately the predicted poten-
tial. 'lIsing a rystem of knife blade switches, tue external circuit of the
galvanic cell was Lroken and the potentiometer circuit closed immediately.
The gaivanometer dofl:ction was noted and the externe’ circuit wei restored.
Tae potentiomel~r disl wee moved in the indicates direction of the balarce
roint and after waiting several minutes the measurement was made sgain. Thic
va:3 repeated until there was perceptible time lag in the galvarcmeter de-
flection upon closing the potertiometer circuit. The reference electrode was
rolarized in these measurements and was ccnsequently checked aga...t the pri-
mary standard. Appropriate corrections were made in the polarized potential
recorded for the corrosion specimen. The potential of the second electrode
~was calculated as in the sawupl~ calculations below. After the estimation of

rolarized potentials had becn made, the galvanic current of the cell was
measured with the Rubicon galvanometer in order to check the previously de-
termined value. The resistance in the external circuit was then decreased
and the procedure repeated.

Although the inaccuracy in this method of potential measurements is
realized, the data were used, when possible, in the preparation of approxi-
mated polarization curves. The limiting currents reported are probably not
very accurate but the fact that so crude a method can yisld even approxi-
mate resnlts., indicates that a better method is available for evaluating
tiophyeicei sy:z' :ms in corrosion than has previously been used.

Ne!.ner dat: on mild steel in cells containing sterile medium, nor any
of the sl 61 3 dsca could be plotted as polarization curves. The data op
these systems are presented as curves relating galvanic current to cell
recistance.

In order to prevent confusion concerning the experimental method employed,
tue following sample calculations are presented.

Assume thet'.a precision resistor of 2117 ohms is placed in the external
circuit of an "H" cell, the anaercbic half-ceil of which contains a beaton'.tic
slurry inoculated with sulfate-reducing bacteria. Assume also that identical
mild steel electrodes are exposed in both half-cells. The external resistence
is recorded and the measured drop in potential across this resister proves
to be 0.00591 volt. From Ohm's Law: _

I=ER
Substituting identities:

I=mR ,
I= 0.006%/2112 = 3.272 microamperes

The polarized potential of the anode, with i1eference to the working standari
elect-nie is 0.7134 volt and the difference in potential between the working
electrode and the primary standard is 0.000% volt with the working standard
positive to the primary standard electrode. The primary standard electrode

L et ekt A E o ew s ke
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if assumed to have a half-cell potential of -0.2802 volt with respect to the
:l;andand hyZxogen electrcde et 25° C. The co-rected polarized potential of
< anode 1a:

0.713L + 2.02¢k . 0.2802 = £.%335 volt (rezerred to the hydrogen
electrcle).
At t? end of the entire series of measurements made on the cell {n question,
e iaterrel resistance (Ri) is measured and is frund to equal 157 ohms. The
toirl cell resistarce is equal to R + Ry.

R+ Ry =2112 + 157 = 2269 ohxs
lihlie the potential drop acrcss the external resistance is measured directly,

thie potential drop throuzh the cntire cell is eogual to the product of gai-
vaunfe current and total cell rosistance.

6 amperes x 2269 onms

I(R+Ry)=3.272 x 107
= 0.C074 volt
The polarized potential of the cathode is calculated by the equation:
Eag -E, =1 (R + Ry)
0.4235 volt - E. = 0.0074 volt
Ee -z J.42C2 volt

Oxi-aticn polentials ar¢ referred to the standard hydrogen electrode at
259 C. In *he "H" cell eyposures, the cells are i’entified by recference to
the anaerobic halt.cell.

C. Presentation of Deta Obtained Using "H" Cells

1. Mild Steel and Al 61 S Exposures in Saline Bantonite

a. Mild Steel in Sterile Nutrient Medium

Duplicate "H" cells, containirg mild steel electrodes, were pre-
pared as described under Ceil Preparation. In each of the celis, one of the
electrodes was exposed in sterile nutrient medium while the cther was ex-
posed in acraled sea water. The external circuits were left open for about
220 hours, during which time, open circuit potentials of both specimens were
recorded. The external circuits were then closed through known resistances.
Potentiel-tine data are presented in Table 9 and polarization data are pre-
sented in Table 10. No attempt wan made to prepare polarization curves for
the data in Tsble 1C. Tnstead, the data are presented as log (R + Ry) vs.
galvanic current in Figure 7. Discussion of this figure is reserved until
efter date on ceils containing inoculated medium have been presented.
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* Table

Oxidation Fotentiels of Mild Steel Electrodas in Asrated
Sea Water and Sterile Nutrient Fedfunm

Potentials in Voits

Cell 1 — Cel) 2
Tir2 in Aerobic Araercoic Aercbic Araerobic
Hours Haif-celli Helf-cell Half-cell Half-cell

[ +0.426 40447 +0.431 40.452

+0.426 10.443 +0.452 +0.5%50

[ SV}

+0.5235 +0.458 +0.430 +0.454

2% 0.7 +0.452 +0.425 +0.453

28 40517 +0.L52 40.426 +0.453

155 +0.528 1+0.345 40.455 +0.435

220 +0.5%35 +0.439 40.458 +0.435

b. dild Steel in Nutricnt Mediwm Inoculated With Sulfate-
- educing Beeteria

D.piicate "H" cells were preparcd in whick one nild steel
cleetrsde of cach cell was exposed in inocuisted nutrient mediun vimrle the
otker wes ~iposed in accated ses water. Open circuit votentisls wrere ceas-

- ured periodocally for 220 hours after wh.ch the external circuits were slcsed
through known resistances. Potentagl-iize data ere prescnted in Tsble 13 and
polarization data are presenved in Tobie 12. Tne dsta in Tatle 12 were used

. to prepere the polarization curves in Figure €.
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Table 10

Polasfzation Date: Mild Steel in Sterile l'uliiont Medium

Cell )
3 R+ Ry I(R +Ry) Iin
in Onms in Ohos in Velts  Micrcamra. inm Voits in Volts
250,400 250,56k 030 0.0201 40,4420 40.4569
] 100,000 100,164 .CO3% 0.03% 404543 40.4509
’ 52,050 52,214 a9 0.0365 +0.4438 +0.4519
5 . 15,050 15,20L .CC09 ¢.0553 +0.4450 +0.55b1
< 2,12 2,276 .CO0T 0.028% +0. 4450 +0C. 44k
519.6 N30  .0c00k 0.656% - -
- % Ry =16 Ck=s
H P.D. = 6 v
- R R+ Ry I(R + Ry) Iin Eq Ee
f in On=s in Opns ic voits  Micreamps. in Volts in Volts
£ 250,600 250757 o1k 0.c562 +5.555% «5.438%
x 100,500 100,557 .co2% 9.073% +0.4245 40,4521
3 50,50 50,737 0005 0.0127  40.5355  40.4359
i 15,950 16,117 .000% 0.0251 40.4366 +0.4352
- 3 2,136 2295 000 0.05:2 +0.4355 =0.4368 - 4
5%9.8 o3 .0C00L 0.0183 - _— R
. JH |
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Table 11

O::idation Potentials of Mild Stcel Electrodcu in Aerated
Sea later and Inoculated Nutiient ledium

Potentials in Volts

Cell 1 Cell 2

Time in Aerobic Anaerobic nerobic Anaerobic

Hours Half-cell Half-cell dalf-cell Half-cell
0 +0.4l2 +0.425 +0.432 +0.426
3 +2.440 +0.426 +0.430 +0.428
¢ +0.437 +0.427 +0.437 +0.429
24 +0.424 +0.416 +0.115 +0.423
26 +0.425 +0.41% : +0.415 +0.422
135 +0.110 4+0.425 +0.415 +0.348

220 +0.403 +0.328 +0.413 +0.350

T- may be noted, in Teble 12, that there was en apparent decrease in
galvanic current Jhen the external resistance was lowered from the 2100 ohm
level to the 550 ohm level. These points were igrored in the preparation of
the polarization curves but are included in Figure 7 where galvanic current
has been plotted against cell resistance. Whether this decrease in galvani:
current is apparent or real is a metter of conjecture. Based on observatio:.
of a similar nature made on other ceils, it would seem that the decrease
actually occurs. It may be, lLowever, thet the experimental method is com-
pletely unsatisfactery in low erternal res.stance ranges.

It 1s interesting to note that the cells containing sulfate-reducing
bacteria in nutrient medium are completely under cathodic control ;s 1.e.,
the galvanic current of the cell depends upon the polarized potential of ti::.
cathode. This type of control would be expected if sulfate-reducers w.ie

depolarizing the catiode.

Data relating total cell resistance to galvanlc current are plotted i..
Figure 7 with simiiar date taken on sterile mediun cells. It is apparent
that the inoculated cells are capable of producing as much as 250 times the
galvanic current of the sterile cells. The data on open circuit potentials
show that the anaerobic electrodes in the inoculated "H" cells became more
cathodic then their counterparts in the sterile cells. Based wpon the gal-
va.n{c current data, as well as the polarizaiion arl potential-time data, it
secp: probable that the strain of sulfate-reducing bacteria used in these
experirents is capable of depolariziig a steel cathode.
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Table 12

Polarization Data: Mild Steel iv Iroculsted N:trient Medium

Cell )

R R + Ry I(R + Ry) Iin Ea E,
in Ohms ir Ohms in Volts Microamps. in Volts in Volts
250,820 250,785 0.058h 0.2330 +0.4062 +C.3478
1€0,000 100,185 0.0373 0.3730 +0.4068 +0.369%

52,050 52,235 2.02R0 0.49762 +0.4072 +C.3812
15,0%0 15,225 0.0103 0.6782 40,4076 +0.397h
2,112 2,297 0.COL7 0.7576 +0.4079 +0.4062
549.6 734.5  0.0005 0.7320 +0.4073 +0.4068
99.61 28k.6  0.00025 - 0.8760 +0.4076 +0.4073
S
Cell 2

R R+Ry . I(R +Ry) Iin -
in Okms in Ohms in Volts Miercamps. in Volts in Volts
250,€00 250,779 0.0524 0.2091 +0.1119 +0.3595
100, 400 100,579 0.0k25 0.4233 +0.4135 +0.3710

50,580 50,759 0.0321 0.6327 +0.4133 +0.3813
15,960 16,139 0.0149 0.9211 +0.4130 +0.398%
2,135 2,315 0.0023 0.9811 +0.4138 +0.4116
545.5 724.5  ©.0COT 0.9533 +0.4124 +C.k19
100.7 279.7  0.0004 1.430 +0. 4143 +0.4139

Ri = 179 Ohms

P.D. = 65 nv
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¢. Mild Steel in Sulfide-free Bentonite

Dupliicate "H" cells were prepared as described under Cell
Preparution. One electrode ci sach cell was expnsel in aerated sea water
vhile the other was exposed in & sterile slurry of bLentonite in nutrient
medium. Open circuit potentials were recorded and after a period of 166 hours,
the erternmal circuits were closed through known reoiistances. Potential-time
data are presented in Table 13 while Table 14 coniains polarization data.

The data in Table 14 are presented as polarization curves in Figure 9.
The duplication was not good but the curves indicate that the limiting gal-

vanic current would be somewhst less than 3 microamperes. The reason for
the difference in P.D., between ithe two cells, is not irmediuiely apparent.

Table 13

(Oxidation Potantials of Mild Steel Electrodes in Aerated
Sen llater and Sulfide-free Bentonite

Cell 1 Cell 2
Potentials in Volts | Potentials in Volts
Tire in aerabie Anaerobic Time in Aerobic /fnaerobic
_Hours Hels-cell Half-cell Hours Helf-cell Half-cell
0 0.8 - +0.450 0 Q).hho +0.466
24 +0.420 +0.459 23 +0.4b2 +0. 464
L7 +0.537 +0.456 57 +0.5L35 40.459
T1 +C.423 +5.456A 72 +0.423 +0.4%60
o3 | +0.425 +0. 44l 99 +0.Lk42 40.459
118 +0.426 +0.438 121 +0.4k5 +0.459
142 +C.k27 +0. 442 142 +0.448 +0.L61
166 +0.4e5 +0. 440 162 +0.4438 +0.401

The cells are vnder mixed control, i.e., the galvanic current depends
upon both the polrrized ~otential of the cathode and the polarized potential
of the anode. For reasons proposed earlier, the asrated electrode was ca-

thodic to the anaerobic electrcde.
d. Mild Steel in Sulfide-saturated Bentoaite

Duplicate "H" cells were prepared as previously described.
In these cells the anaerotic half-cell contained sulfide-.aturated-bentonite.
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Th2 method of study was the samc as that described under other "H" cell ex-
posures. Potential-time data are presented in Table 15 while Table 16 con-
tains polarization data. In these cells, as in the sulfide-free cells, the
aerated electrode vas cathodic to the enaerobic »lectrode. The datse in
Table 16 verc used in the preparation of the polarization curves in Figure
i0. ThLe lLimitiug current aprears to be slightly greeter than 10 »icroamperes
which is hiher than any of the other mild steel z2ouples in "H" ceils. The
cell is alnust eriirely under arodic control.

e. Mild Stcel in Bentonite Slurries Inoculated with Sulfate-
r.cucin;, Bacueria

Duplicate "H" ceils we.e prepared in which the enssrcbic
heif-cells consicted of a slurry of bentonite in uutrient medium inoculated
vith svlfate-reducing bacteria. The method of investigation applied to these
cells a8 the same as in previously mentioned exposwres in "H" cells. Poten-
tial-time data are preseunted in Table 17. Teble 18 contzins pol:zrization
uata frcm vhich the pelarizetion curves in Figure 1l wera vrerared. In these
exposures, 8s in others made in cley, the aerated eiacirode was cathodic to
the anaeirobic electircde.

The limiti~g galvanic current appears to be about 5 microamperes and
the ceils are vadcs anodic control. These cells were lelt ith ext:imal
circuits open for a longer pevicd than any of the previovisly descrited cells.
This was do .. ! order to provice cmple time for & cuenye in polarivy if it
shoull oc:ur. A+ the time tlat the external circuits ware closed trere wa:
ro indfeation tict this might harpen.

£. .luvminum 61 € in Inoculated Nutrient i‘edium

"H" cells containing Al 61 S clectrodes were prepard as
previously descrihz2d under Cell Preparation. The cells irere so asscmbled
that one electr-¢2 was expo3sed in acrated sca water while the other 'ms ex-
posed in o culture of sulfate->educing bactoria. Open ¢ircuit potzntials of
both electrodes vere measured and recorded nericdically. When the open cir-
cuit potentials had become relatively stable. the exteriasl circuits were
closed through krown resictances and the galvanic current was measured as
cell resistance was decreased. In these cells the acrated electrode was ca-
thodic to the anserobic electrode, as would te expected 1ith aluminum. Due
to the reasons mer:ioned in the introductory statements in the precent sec-
tion, it wus not possidle to co*ain satisfactory duplicetion with Al 61 &
cells. The deta presented on AL 61 S are considered to be th2 most reliesble
of those obtained from seversl cells. No data are oresented on Al 61 3 in
sterile nutrient medium. No ettempt was male to prepere polarization curves
fron date on aluminum cells.

Table 19-A contalr. rnotential-time data and data releting galvanic cur-
rent to cell res.otunce are nieseried in Tudle 19-B. The data in Table 19-B
were used to prev:rc the curve in Figure 12.

Keference tou the potentiel-time data snows that the open eircuit poten-
tial difference botween anode and cathode, ai the time the external circuit
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Table 1k

Polarization Data: Mild Steel in Suwlfide-frce Bentonite Slurries

Cell 1
R R + Ry I(R + Ry) Iin E
in Vims in Ohms in Volts Microamps. in Volts in Volts
250,600 250,795 0.0139 0.0554 +0. 4355 +0.4226
100,000 1C0,195 0.0126 0.1256 +0.4352 +0.4226
50,560 51,775 0.0113 0.2191 +0.4340 +0.4227
15,960 16,155 0.0074 0.4561 +0. 4304 +0.4230
2,125 2,331 0.0022 0.9457 +0.4259 +0.4237
545.5 7%0.5  0.0008 1.137 © 4C.b2uk +0.4251
99.60  204.C1 0.000k 1.205 +0.k25%  +0.%24%0
49.99 244.99  0.0003 1.200 +0.42h3 +0.i240
R« = 105 Ohrs
P.D. = 3 nv
Cell 2
R R + Ry I(R + Ry) Iin Eq Ee
in Ohms in Onms in Volts Microamps. in Volts in Volts
250,400 250,543 0.0194 0.0773 +0.4577 +0.4383
100, 400 100,543 0.0158 0.1576 +0.4556 +0.4393
50,580 50,723 0.01%0 0.2764 +0.4546 +0. 406
10,5k0 15,183 C.0107 1.103 +0.453%0 +0.3413
2,112 2,255 0.0040 1.799 +0.5472 +0. 4432
549.6 652.6  0.0016 2.311 +0.4L6G +0.4450
100.7 243.7  0.0006 2.283 +0.4469 +0. bu6h

R = 143 Ohms
P%Do =22mv
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Teble 15

Oxidation Potentia'ls of Mild St:el Electrodee ir Jierated
Sea \later and Sulfide-saturated veutcnite

Potentials in Volts

Cell 1 Cell 2

Time in nerobic Anserobic dercbic Anaerotic
Eours Half-cell Ealf-cell Helf-cell Half-cell
0 +0.k09 +0. 449 +0.408 +0.457
24 +0.408 --- +0.389 +0.457
47 eme .- +0.371 +0.457
7 +0.437 +0.438 +0.392 +0.456
93 +0.428 +0.460 +0.395 +0.460
118 +0.419 +0.461 +0.393 +0.5%60
142 +0.413 40.459 +0.403 +0.452
166 +G. 413 +0.455 +0.402 +0.459

was closed (P.D.), was 165 mv. Although the internal resistance of the cell
wvas only 220 ohms, the highest galvanic current measured was only 0.09 micrec-
ampere and this decreased with a decrease in external resistance. Comparal’e
cells containing mild stecl electrodes procduced considerably greater galveric
current with a much lower P.D. Obviously, one or both of the electrodes in
this cell must hove been almosi completely _2larized. Since aluminum ordi-
arily pclarizes anodically with the formation of alumminum oxide and the
anode in this cell was exposed in an oxygen-free electrolyte, it would be of
interest to know just what caused the severe current limitation in the cell.
Polarization curves would have told much about this mechanism had it been
possible t» prepere them. However, based on the way in vwhich the esrale ve-
sponded to atten.ts to estimate its polarized potential, 1t i= believvd lhat
most of the polarization of the cell occurred ct this electrode.

g- Aluminum 61 S in Sulfide-saturatec. Bentonite

"H" cells were prcpared for this experiment in the manner
previously descrived. Again data on only one exposure are considered ac-
curate. Open circult potentials of the aluminum electrodes were measured
and recorded. Aiter a period of 166 hours the external circuit was closed
throuzh known resistences and dats relating galvanic current to cell resist-
ance were obtained. The acrated electrode was cathodic to the anaerobic
electrode. Potential-time date are presented in Tabie 20-A and galvanic



Table 16

I'oluri~ation Data: Mlld Steel in Sulfide-saturated Bentonite Slurries

Cell 1
&5\-@ };n*o?u%m ix(xnvzlrét) Mic;['o::pa. in %::lts in %gl‘:s
250,400 250,615 0.0420 0.1676 +0.4500  +0.41k0
100,000 100,215 0.6388 0.3869 404534 +0.11L6
50,580 50,795  0.0349 0.6870 40.4503  40.4154
15,Ch0 15,255 0.0253 1.656 +0.k419  +0.4166
2,112 2,327 0.0095 4.067 +0.428% - +0.4189
549.6 746.5  0.0039 5.2k0 +0.4226  +0.1123§
100.7 315.7  0.0018 5.561 +0.4195  +0.8177
49.79 264.79  0.C019 7.230 +0.4163  +0.h1Lk
Mo - o
Cel: 2
_:l_r_ngE §n+0§%15 ir(xRV;}:“g_) Mic:o::ps. in \F;glts in gglts
250,600 250,7 0.0537 0.2141 +0.4567  +0.4030
100,400 1€0, 590 0.0k97 0.4936 +0.L:535 +0.4038
52,050 52,240 0.0L49 0.8588 +0.4493  +0.4OUk
15,9C0 16,150 0.0315 2.076 +0.4397 0. 4062
2,136 2,326 0.0130 5.571 +0.4210  +0.k080
545.5 737.5  0.0054 7.388 +0.4158  +C.l104
99.€1 289.6). 0.0c2k 8.132 +0.4154  +0.4130

k2.99 239.99 0.022 9.202 . -O'OJJOGS +0.4043

Ri - 190 Otums .
P.D. = 5T mv
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Table 17

Ox.dation Potentials of Mild Steel Electrodes in Aerated Sea later and
Bentonitic Sluiries Inoculated with Sulfate-reiucing Bacteria

Potentials in Volts s
Cell ) Cell 2

Time in Aerobic Anaercdbic Aeroblc Anaerobic

_Howrs Half-cell Half-cell Half-cell Half-cell
0 ' - +0.438 +0.453 +0.436 +0.450
23 +0. Lk +0.453 +0.439 +0.450
57 +0.442 +0.453 +0.43% +0.451
12 +0.4b2 +0.455 +0.434 40.3452
9 +0.440 +0.454 4+0.430 4+0.451
121 +0.4%5 +0.455 +0.435 40.452
152 +0.4i2 +0.455 +0.435 +0.451
162 +0. bk7 +0.457 +0.436 +0.452
ks +0.442 +0.458 40.435 +0.%52
259 +0.439 +0.455 +0.431 +0.445
286 +C.436 +0.455 = +0.k31 +0.4k8
311 +0.430 +0.458 +0. b3k +0.551
335 | +0.432 4+0.457 +0.435 40.450

current-cell resistance data are presented in Table 20-B. The data from
Table 20-P were used to prepare the current-resistance curve in Figure ‘2.
In general, the .esponse of tuis cell was similar to thc ctil conteining in-
cculated rnutrient medium. ttough the P.D. was 70 mv and internsl resist-
ance wes only 3CO chms, the guivanic cwrrent as nsver eny greater than 0.17
microemperes. sgoin this seemed to be due to anodic polarization.

h. Aluminum 61 S in Inoculated Bentonite

_ ~ "H" cells containing sterilized sea water in the aerobic
half-cell and an inoculated slurry of bentouite ard nutrient medium in the
anaser~Yi1c hilf-cell, were prepared. Of these cells, only one yielded reli-
able data. The polarity of the cell was the same as in the other AL 61 S
exposures. The m:thod of irvestigation has been described previously. The
external circuit wos left open for a longer period than tie other aluninum
cells in order to cbserve any latent effects of sulfate-reducers.

o - . - - e D, S g,




-8 .
8
) Teble 18
Zolerizaticn Data: Mil2 Steel in Inoculeted Bentonitic Slurles
Cell 1
- R R+ R I(R + Ry) Iin S
d in Qras in Onos ip Yolts  Micrese—s.  in Volts in Volts
3 250,800 25¢,757 0.0272 0.1079 40.4558 40,4287
§ 100,400 100,557 0.0258 0.2565 +0.14529 10127
< - 52,050 52,207 0.5237 0.h4532 40.4505 40,4268
15,950 16,217 0.0161 1.120 +0.4853 10,5272
» 2,102 2,269 0.0074 3.272 404336 +0.4262
i c.5 2.5  9.0030 4.250 +0.4296 +0.4266
i § 9.61 256.01  ©.C012 4.618 40.4260 40,5248
] nd
4 Rg =77 7=
PD. =% v
Celi 2
B
R R+ 8 I(R +R,) 1in Za Ze
in Ohos in Otzs in Vo)t Microemps. in Volts in Volts
i : 230,50 250,562 2.0226 6.0861 401564 +0.5208
. 106,000 100,162 0.61¢9 0..290 40,432 +0.4263
£0.580 5¢,7k2 0.0207 ©.%079 10,4402 +0.4234
L 15,950 16,222 0.016% 2143 40.4391 +0.5207
X 2,132 2,214 0.03t8 2.97 40550 0. 42ko
- S4E.5 7.5  0.0029 514 +0.5273 +0.4258
y $9.61 261.61  ©.0032 k.57 +0.4223 40.2210

P.D. =20 v

Ri = 157 Ohms

P2 ety PNy
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Table 1

A. Oridation Potentials of Al Gl S Elect-odes in-Avrated Sea Vater and
' '~ Inoculated Nutrient Medium

Potentials ir Y:’ll"&

Time in Aerobic Anaerobic
_Hours Half-cell Half-cell
0 +0.499 +0.634
24 +0.499 +0.639
L7 +0.501 +0. 646
7L +0. 50 +0.655
93 +0.511 +0.663
118 +0.520 +0.078
142 +0.512 +0.660
ik +0.498 +0.663

B. Tffects of Cell Resistance on Galvanic Current

R I(R + Ry) I in R+R
in Onns in Volts Microamps. in Ohrs
250, 400 0.c23 0.0921 250,620
100,400 0.0092 0.0194 100,520

52,050 0.0035 0.0669 | 52,270

15,040 0.0010 0.0672 15,260

2,112 ~ 0.0001 0.0563.« 2,332
549.6 0.00C07 0.091u 769.6

R = 220 Oims
Pj.‘D. = 165 nv
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Table __22

&, Oxidation Potentials of Al 61 S Electrodes in Aerated Sea Vater
and Svlfide-saturated SBentonite

Potentials gp_ Volts

Time in Aerobic Anserobic
_Hours Half-cell Half-cell
0 +0.493 +0.489
2L +0.499 +0.549
47 +0.503 +0.628
ol +0.508 +0.620
93 +0.496 +0.612
118 +0.498 +0.597
k2 +00.505 +0.583
166 +0.506 +0.576

B. Zffects of Cell Resistance on Galvanic Cwurrent

R ’ I(R + Ry) Iin K + Ry
in Ohms in Volts Microamps. in Ohms
250,400 0.0426 0.1699 250,600
100,000 0.0182 0.1820 100,200

52,050 0.0091 C.1741 52,250

15,960 .. 0.0023 0.1422 16,160

2,112 0.00027 0.118% 2,312
549.6 0.00C07 0.0910 749.6

Ri = 200 Ohms
P.D. = 72 mv
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Table 21-A contains potentiasl-time data taken on this cell. GCalvenic
curreat and resistance data are presented in Table 21-B. The data from Table
21-B u2re used to prepere the current-resistance curve ia Figure 12. The
results recorded are very similar to those of previous "H" cell tests of Al
€1 S. The galvenic current was extremely low and decreased with decreasing
external resistance. The cell seamed to be anodically polarized.

In the three experiments on aluminum described above, it should be noted
that all of the cells contained high concentrations of sulfides and thet
ralvanic current was very low, In the experiment described below, the ana-
erobic raif-cell contained sulfide-free bentonite. The galvanic current pro-
duced by this cell was higher than in any of the other alumimm cells. Since
sulfides are generally corrosive to aluminum, it is difficult to explain theses
contradictory currente-reaistai.. relationships.

1. Aluminum §) S in Sulfide-free Bertonite

Data are presented in Table 22-A and Table 22-B for tests
in vhich the anaerobic electrode was exposed in a sulfide-free bentonitic
slurry. /gain the aerated electrode was cathodic to the anserobic elec-
trode. 'The experimental procedure was the same as in other "H" cell tests.
Reference to the potential-time date shows that the open circuit potential of
the anode was almost 250 mv greater than that of the cathode when the circuit
was closid  Thi~ high P.D. is reflected in the galvenic current which is
about 10 *imes au great as any of the cells containing sulfide. Uhy this
should r.ve occurred is not at all clear since suifides are generally anodic
stimule“ora. The relationship between galvanic current and cell resistance
is plotted in Figire 13.

2. Discussion of E, and oH Data

and pH data, taken on "H" cell exposures, are presented in Table
25. The cells are identificd by reference Lo Ui mnacivvic half-dell. Ex-
cept for the final pE and initial Ep values of the aerobic half-cells and
the final Ep values of the anaercbic half-cclls, the "H" cell data are in
general agreement with the beaker cell data in Table 8.

Due to instability, E; measurements were difficult to make. The one ex-
ception to this statement cccurred with anaerobic systems containing sulfate-
reducing bacteria. Saturating a bentonitic slurry with EpS did not iow:s Ep
to values comparuvle to those encountered in active cultures .. tacteria. It
mey 2lso be ncted that redox potentials in inoculated bentonite were not as
lov as thore in inoculated medium.

In the beeker cell tests  low E;, may have been partly responsible for
the anaerobic electrode being cathodic to the acrobic electrode. As men-
tiored before, the low Ej, values noted in the beaker cell tests were pro-
bably due to microbiological contamination. In the "H" cell tests, rigid
bacteriological controls were applied and no data ere presented from cells
which ‘ere blologically contaminated. In the latter cells, low redox poten-
tials were encountered only in anaerobic half-cells contajning no clay. In
such cells, the anaerobic electrode was cathodic to the aerobic electrode.
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Table 21

A. xidation Potentials of Al 6) S Electrodes ir Aerated Sea Water and
Inoculated Pasntonite

Potentials ir Volts

Time in Aerobic Anserobic
_Hours Half-cell Balf-cell
0 +0.498 +0.654
51 +0.501 +0.624
72 +0.502 +0.622
21 +0.501 +0.617
1é2 +0.499 +0.617
240 +0.502 +0.587
286 +0.499 +0.561
511 +C. 499 +0.551
357 +0.493 +0.542

B. Effects of Cell Resistance on Galvanic Current

R I(R + R ) Iin R+ Ry
in Orms in Volts Microamps. in Okms
250, 600 0.0052 : 0.0206 250,900
100, 400 0.0023 0.0326 100, 700
52,050 0.0025 0.0469 52,34
15,040 0.00055 0.03%9 15,340

2,136 0.00C05 0.0187 2,436

Ry = 300 Ohms
P-Dagsom
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Table 22

A. Oxidation Potentials of Al 61 S Electrode:c in /erated Sca llater and
Sulfide-free Bentonite

Potentials in Yolts

Time in Aerobic /naerobic

_Houxs Half-cell Half-cell
0 +0.488 +0.884
57 +0.504 +0.747
T2 +0.502 +0.828
121 +0.502 +0.795
162 +0. 506 +0.793
240 +0.506 +0.795
286 +0.507 +0.702
311 +0.511 | +0.704
235 +0.51k +0.755

B. Effects of Cell Resistance on Galvanic Current

R I(R + Ry) Iin R + Ry
in Ohms in Volta Microamps. in Ohms
250,600 0.2010 0.8015 250,7
100,000 0.0997 C 0.9950 100,190

52,050 | 0.0748 1.432 52,2Lk0

15,960 0.0272 1.687 15,150

2,136 0.0040 1.752 2,326
547.5 0.0013 1.742 1355
100.7 0.0005% 1.854 200.7

Ry = 190 Olms
) P.D. = 250 mv
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It s:ems porbable that low En has much to do with polarity of the cells de-
sc1ibed in those experiments.

Taeble 23 shows that substantially lower pH values were found in the
aerobic half-cells of the sterile and inoculated medium exposures than in any
of lae other aerobic half-cells. Th2 galvanic current ic considered rather
lov to have produced this effect although no other reason is immediately

apparent.

A generalized statement concerning possible effecte of Ep and pH on
corrosion mechanisms in low E¥ environments, would probably be of more valuc
than further comment on specific cells. The reader is referred to Mason (15)

for a more complete discussion of Ep and pH in natural environments.
E,, is a relative figure referred to the reaction:

Hy = 2H + 2¢e~

In practice, it 18 the open circuit potential between an inert electrode,

such as a platinum wire, and a standard reference electrode. While the half-
cell potential cf the reference electrode is constant, the half-cell potential
of the platinum wire will aepend upon the ability of the system being meas-
ured to oxidize or reduce another chemical system.

Cor-.ider the equation:

E = EO + 52 In ¢
o

and the rcaction:

H, = oK + 2e- (EO = G.000)

Solving the reaction for Q and substituting into the equation:
- R? +
D=E°+ﬁln(8)

where:

E = the ha.Z-.cell potentisl of the hydrogen electrodc urder any con-
dition of t rature, Hy pressure and hydrogen ion concentration.

E, = half-cell potential of the standard hydr-~gen elect:rode

gas content (8.314 joules degree-l mol-1l)

R =
T = absolute temperature
n = number of electrons involved in the reaction

Faraday's number
(H*) = hydrogen ion concentration

At 270 C the expression simlifies to:
E =0.000 + 0.06 log (B")

-d
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At pk = 6, log (R*) = -6 and the expression above becomes:
E = -.330 volt

Thus at a pH of 6 in a system with a redox potential of -360 mv, the hydrogen
oxidation reaction, written above, would be in eqrilibrium. If tac E, were
to beccme slightly more negative, hydrogen gas could theoretically be evolved
from any surface at which hydrogen ion could be reduced. This does not occur
in nature, however, because of hydrcgen overvoltage.

For instance, a greater potential than the theoretical potiential is re-
quired to break the adsorption bond of atomic hydrogen to steel. At lecact e
part of this required energy cnuld be supplied by the potential difference
between the anode and cathode or a galvanic cell similar to those described
in these experiments. Thus, if the polarity of the cell favors the reaction,
i.e., if the anaserobic electrode is cathodic, then it ic possible for cathodic
depolarfization to occur independently of the metabolic activity of sulfate-
reducing bacteria. Actually, the breaks in the galvanic current-cell resis-
tance curves in Figure 7 may be interpreted this way. If the interrretation
is correct, the effects of sulfate-reducers would be realized at extremely
high external resistances. Corrosion by sulfate-reducing bacteria is usually
ccnsidered & micro-cell mechanism in which the external resistance would be
extremelyr low. Thus, it is possible that the study of anaerobic microbic-
logical curroni a should actually hinge upon the determination 8f hjdroger.
overvolfage under low Ep conditions.

CONCLUSIONS

Although experimental results have been discussed as they were presented,
a8 few general comments may aid in relating these studies to the general field
of corrosion experimentation.

. The most important single fact that can be established by corrosion
tests is the polarity of the galvanic cell under considerastion. Beyond tkis,
corrosion testing is semi-quantitative. Although the instruments and teclL-
niques applied are inherently capable of ylelding precise and accurate re-
sults, the inhomogeneity of commercial metals and alloys makes it impossible
to reproduce potential and current values. For this reason, courrosion test-
ing belongs ir the general category of statistical studies in spite of the
fact that the experimental metnods employed are based on some uf the most
precisely known relationships in physical chemistry.

Unless the corrosion test is carried out under conditions identical to
those in nature, the results cannot be reliably applied to corrosion ergi-
neering. It may be rcucabered that in the experiments described, the polar-
ities of cells containing mild steel in clays were actually reversed by
changing from beaker cell to "H'" cell exposures. If these experiments weve
2 pert of a complete corrosion investigation, the next phase would be field
testing. Tc the authors knowledge no work has been done on the distribution
of relative polarities on metals extending through the mud line in marine
environments. The experiments alsc point out & need for studying electrical
conductivity of different cluy types in natural sedime:.ts. It would also be
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advi.able to duplicate bottom oxygen concentrations in aerated half-cells if
further laboratory studies were made.

I/ile the galvanic current velues reported in these experimants mey
appear to be too low to produce serious corrosion, it should bte kept in mind
that it 1s not possible to completiely i1solate lozil anodes and cathodes in
cider to inciude them in measuring circuits. Polarization curves provide
muen inforration on limiting galvanic current but in thCse experiments the
cuxves are probably least accurste in the region of low cell resistance.
There is also to be considered the possible effects of E, and pH on anesrobic
corrosion. M very interesting study could be made by fying the procednr=
and rejeating parts of this work. Using a cell of extrewely lov internnl re-
sistance and a ilgn freauercy electronic interrupter to alternately mske gal-
vanic currcnt and notential nmeesurements of corroding electrodes, more realis-
tiz resultc could be ovrained than those reported.

In conclusions, three observations are of particular interest. These
are: St A

1. Ir. concentration cells, such as those desceribed in these experiments,
it is nossible that the cathodic electrode may exist 1n the oxygen-free envi-
ronrent.

2. Tae ot oain of sulfate-reducing bacteria used in these experiment: .
appa.en’ Ly copaule of depolarizing a steel cathode.

3. With tu. mod*fications lisced above, the method of investigation
employed offers such greater promise of critically evaluating microbiological
corrosion mechanisms than other methods currently in use.
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APPENDIX
A. Pretreatment of Bentonite

1. Effects of Bentonite on Pedox lotential and pH of Sea Vater

In the first attempts to grow sulfate-reducers in slurries of benton-
ite in bacteriological medium, the clay compacted so firmly that it was thought
impossible for that organism to grow in it. This was considered to be due to
the high concentration of calcijum ion in the medium. Calcium ion was replaced
vith sodium ion and sowe improvement resulted but bacteria could still not be
wade to grow readily in the clay. This occasioned a more systematic examina-
tion of tie effects of bentonite on physico-chemical properties of sea water
and the medium erployed.

It was considered advisable to attempt to find the volume of sea water
necessary to stabilize a given quantity of bentcnite witli respect to En and
pH. These factors arec important in culturing sulfate-reducers. A pH of 6.4
to 7.0 and a low E, insure more rapid growth although the use of a Brewer
anaerobic Jar (Step 5, Cell Preparation) somewhat mitigates the E, and pH de-
mands made of culture media. It would be bevond the scope of this problem to
completely evaluste effects due to bentonite and although the results were not
altogether satisfactory, the system described belov wes employed in determin-
ing the volume of sea waler required to pretreat bentonite.

Me .surable effects of bentonite on either the pH or E, of sea water snould
become evident by measuring these factors in a sea water supernatant from which
benton:te has scitled. In order to test this possibility, various concentra-
tions of bentonice were prepared using sea water filtered through a Seitz
filter. The E_ and pH of the supernatant sea water were meusured and recorded
at the indicatld times. En~ wes measured at a platinum wire with respect to
a saturated calomel electrode ard since the factor D(Ey), defined below, is
arvitrary, E; measurements have not been referred to the hydrogen electrode.
Immediately afier making a measurcment, the bentonitic slurry was stirred with
a magnetic mixe:r for several minutes and “he clay was permitted to settle firma
the 3ea water before the next measurerment was made. These values became -e-
latively stable after about 40 hours and the tests were tesminated. The data
are presented in Table 1-A. The redox potentialr are rerorted in millivolts
and the number of significant figures reflects the stability of the system.
There was no apparent reason for variable stability but, in general, the more

positive poten*ials showed greater stability.

Since considerable variation occurred in the Ep and pH of the sea water
blank, it was necessury to consider how much of the E,, and pH change in the
samples was due to reactions with bentonite. The Ej and pH data were plotted
against time. The E, of the sea water blank minus that of each bentonite con-
centration, was read isom points simultaneous in time on these curves and re-
corded as D(Fy,). Values for the pH of ihe sea water blank minus that of the
several samples were recorded as D(pH). Bentonite concentration is consider::

1 The notation, By, i3 usually considered to be referred to the standard
hydrogen =lectrode tut, for convenience of presentation, it implies kere
the open circuit potential between a platinum wiru and the saturated
calomel electrode.

e G S

Ak e e * MEs & b o wi ——— bt "ﬁ"&"‘:"
- - )
- o



- 49 -

to be primarily responsible for the magnitudes of D(E,) and D(pH). These
value- are plotted against log bentonite concentration in FPigure 1-A. The
curves tre prepared only from data taken after 42 hours of exposure.

Table 1l-A

Effects of Bentonite on Eh and nH of Sea Vater

Bentonite Ep (mv R pH Hours of
Concentration Semple 1 Sample 2 Scmple 1 Sample 2  Exposure
0 g/1 -25 -25 8.01 8.01 1
W om +150 +164 8.06 8.09 26
wooow 53 +152 8.16 8.17 2
wooom +37 +37 - 8.17 8.17 42
o 438 +36 5
0.01 ;1 +6.8 -3.4 8.00 8.01 2
oo +162 +156 8.08 8.10 26
aoom +130 +134 8.16 8.14 32
" oo w7 +67 8.17 8.16 L5
v +39 +42 c--- -=-- k6
0.1 gf1 +7.3 +18.7 8.02 8.02 2
" ow +156 +155 8.06 8.09 26
woon +130 +132 8.14 8.15 32
wooom +G3 +58 8.16 8.18 43
"o +95 +57 === === 18
1.0 gf1 + 27.7 +13.2 8.02 8.02 3
o O +75 8.09 - 8.08 26
v +128 +119 8.14 8.14 33
"o +47 +47 8.15 8.15 43
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Table 1-A (ccnt.)

Efects of Bartonite on Ep, and pH of 3ca “ater

Bentonite Ep (mv) pH dours of
Concentration | Sg%]_. el Sample 2 Sample 1 - Scmple 2 Ex osure
1.0 gf1 | +51 +45 R - 48
5.0 gf 16 +30.2 7.90 7.89 3
T +73 +78 8.0k 8.04 26
. oo +121 +120 8.08 8.10 33
noow +46 +46 8.11 8.12 Wk
) noow +39 +43 ———- ———- 8
10.0 g/l +31.3 +31.3 7.84 7.86 3
“ om +18 +76 8.00 8.01 26
oo +102 +102 8.01 8.05 33
noow +61 +64 8.04 8.04 W4
" " +!}5 +!l~f ——— el !‘8
20.0 gf1 +35.7 +34.3 T Th 7.78 b
oo 87 +88 7.99 8.00 26
’ woow +93 +95 7.94 7.98 33
. "o + 62 +58 7.95 7.95 b
noo +42 +33 ---- -e-- 49

2. Effects of Bentonite on Nutrient Medium

After the last E; and pH measurements had.been made, the supernatant
sea water was decanced and repluced with an equal volume of nutrient medium.
These mixtures were sterilized and left covered for 36 hours. During this
time the clay fraction was resuspended several times by agitaticn. At the
end of the exposure period the beakers were uncovered and measurements of Ep
and pH were made. D(E,) and D(pH) were computed as before. Table 2-A con-

. tains these data as the average of two samples. Ej and pH data were also
teken at time intervals after the first 36 hours. It soon became evident,
however, that the effects being measured were those of biological contamineg-
tion introduced by the measuring electrodes. In order to prevent introducing
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this error, it would have been necessary to maintain sterility untii im-
mediately before making any measuremant. None of the data on changes in
Ej, ard pH with time are presented.

Table 2-A

Effects of Bentonite on B, and pH of Mu.irient Medium

Bentonite
Concentration _PpH _ Ep (mv) D(pH) D(E,) in mv

0 g/l 6.50 -55 came S,
0.C1 g/1 6.92 -70 -0.42 +15
0.1 g/1 6.68 -47 -0.38 -8
1.0 gjl 6.60 -35 +0.02 -20
5.0 gf1 6.66 +15 -0.16 =70
10.0 g/1 6.80 sk -0.30 69
20.0 g/ 6.93 +7 -0.43 62

The data pl.tted in Figure 1-A indicate that concentrations of bentonite
in sea water which exceed 1 gram per liter, produce rather marked effects on
pH. Apperently the change in E,, attributablie tc bentonite, takes piace at
about 0.1 gram per liter. The data in Table 2-A show that these same con-
centrations of bentonite are critical with respect to E, and pH changes in
the nutrient medium. ‘The smallest value of D(pH) occurred with a bentonite
concentration of 1.0 gram per liter of nutrient medium and the smallest value
of D(E,) occurred with a benton.te concenv.ation of 0.1 gram per liter of
nutrient. It may also be noted from Table 2-A that the greatest differenr.e
in Ep between any two samples is 70 mv and the greatest difference in pH is
0.43 unit. All values of pH are below 7.0 and the most positive By is +1k mv.
This would indi-ate that neither the buffer capacity nor the redox poise of
the medium had been greatly exceeded.

During the course of the entire research program, there were some 50 or
more exposures made in clay. Due to the lack of .. sufficient quantity of
aged sea water, it was impossible to pretreat the clay with the volume of
sea water shown to be required by the above tests. Assuming 50 exposures of
5 grams of clay per c.pcsure, 2500 liters of aged sea water would have been
required for merely stabilizing clay with respect to and pH. Based pri-
merily on the limitations just stated and the data plotted in Figure 1-A, 10
grans >f clay per liter of nutrient medium was rrther arbitrarily chosen as
the pretreatment ratio. On the basis of electrochemical results obtained,
this method is not considered adequate although sulfate-reducers can be made
to grow in clay which has been sterilized in nutrient medium at a concentra-
tion of 10 grams of clay per liter of nutrient.
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